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Scope Note

Reverse Blank

Soviet Options for
a Manned Mars
Landing Mission

This paper examines several options that the Soviets are likely to pursue in
accomplishing a manned Mars landing mission. It does not cover all
available options. They were developed using different scenarios presented
by the Soviets at international meeting:

)



Key Judgments

Information available
as of 1 December 1989

was used in this report.

Soviet Options for
a Manned Mars
Landing Mission

We believe the Soviets arc planning for 2 manned Mars landing mission
some time after the year 2000. Although we belicve the mission has not
been officially funded, the Soviets have invested in the infrastructure and
arc engaged in the long-lead rescarch and development necessary for its
conduct. Clear indications of Sovict intent to perform such a mission
include: !

» Continuing long-duration flights aboard the Mir space station that have
resumcd following the recent short-term hiatus in manned activity.

» The probable development of nuclear rocket engines.

« A planned program of unmannecd flights to Mars over the next 10 years,
despite last year's Phobos failures, giving the Sovncts data for an
attempted manned mission.

« An increasing number of press releases by Sovist scientists, engineers,
and cosmonauts discussing their intent to conduct a manned mission.

The Soviets have several available options in mission profile and spacecraft

design to accomplish this mission. Balancing the technical demands of cach

option with the strengths and weaknesses of their space program leads us to
believe the Soviets are most likely to pursue:

« An opposition-class mission profile, where Earth and Mars are near their
closest approach at the time of arrival at Mars, with a Venus swing-by—
to reduce energy requirements.

- Either nuclear or conventional engines using cryogenic propellants—for
cfficient spacecraft propulsion. :

* Aerohrating into Mars orbit-—to reduce lhc propellant requirement.

Because of the size and mass of the spacccraft, a manned Mars landing
mission will require vchicle assembly in low Earth orbit. The Soviets have
the Energiya heavy-lift launch vehicle to place the components into low
Earth orbit. In addition, they will have a manned space station to support
spacecrafl assembly and prob.zbl)l aspace tug to move large components
into position for asscmbly.

We believe a full-scale, manned Mars landing mission is unlikely without
development of an on-orbit cryogenic storage capability and either nuclear
cngines or acrobraking techniques. If the Sovicts use nuclear engines with a
liquid hydrogen propellant, it would substantially reduce the number of
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launch vehicles required to place spacecraft components in low Earth orbit.

The use of cryogenics will require the development of advanced on-orbit s
refrigeration and insulation techniques to maintain the propellants in a

liquid state and reduce their loss because of boiloff. Aerobraking into

Mars® orbit would reduce the mass of propellants required in low Earth or- .
bit by as much as 55 percent. This would allow the Soviets to use proven

conventional engines with liquid oxygen and liquid hydrogen propellants to

achieve roughly the same reduction in the number of launch vehicles

needed to place spacecraft components in low Earth orbit as with nuclear

engine

We believe that, if the Soviets proceed with a manned Mars mission, they
will pursue a cooperative effort with the United States to defray some of
the high cost. Current Soviet estimates range from 40 to 50 billion US dol-
lars for even the most economical launch Opporlunily




Contents
Page
~ Scope Note e v _
Key Judgments o L vii .
Introduction e P
Planning for a2 Manned Mars M.ifs.if'l o L 1
Assumptions Considered for 2 Manned Mars Mission 1
Mars Mission OppOl"lEl_l_i'(ic_S“ i 2
Mars Spacecraft Mass-—/:r; _lE_slT_r;xg;_q_'____.__ T;_____»____ 2
Manned Mars Mission Requirements L ) 5_:—
- Key Technologies chuir_ci_for zx__l\_/-l.ar;;lcd Ma_{.s—M-is_s.i_cm T '—”.5 T
Key Technologies That Will [:::Ehjn:g a _N_i-a-nncd Mars Mission 6
Soviet Investment 7
8

Table

Total Mass on Orbit and Numbcr_of_ngn_c_{n_VY;Eig_IEsNE;clg_iAr_cii_ 4
Appendix

Mars Stopover Mission With Venus Swing-by - 9

i Cret
SW 89-10062
December 1989




o

Soviet Options for
a Manned Mars
Landing Mission .

Introduction

Recent public statements by Soviet officials have

confirmed that the Sovicts arc continuing rescarch for

a possible manned Mars mission. In Marc'h 1989,

Sovict space scientists attending a space symposium

outlined the following long-term Soviet Mars space

program:

e The launch of a2 Mars and lunar-polar orbiter in
1992.

 The launch of two spacecraft to Mars, including an
orbiter, atmospheric balloon, and/or soil penetra-
tors, in 1994,

 Mars samplc return mission with rover in 1998.

« A manned Mars landing mission~—possibly between
2010 and 2015.

The successful complction of unmanned missions will

give the Sovicts valuable data on spacecraft compo-

nent on-orbit lifetimes, landing sites on Mars, and

command and control of interplanctary spacecralt.

Despite the Soviets® recent failurc to complete their

Phobos missior * we believe that they will apply the

lessons learned and pursuc 2 manned Mars mission.

The Sovicts also have stated publicly that the long-
term cflects of weightlessness on humans must be
fully understood before a manned mission to Mars
can be accomplished. Sovict cosmonauts have been in
space continuously for up to 366 days. Vladimir Titov,
crew commander, and Musa Manarov, flight engi-
neer, were on board the Mir space station from 21

-
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December 1987 through 21 December 1988, (They
exceeded the previous 326-day record, held by Yury
Romancnko, on |1 November 1988 and became the
fourth and fifth cosmonauts to accumulate more than
a year in space.) We believe that the Soviets will
attempt a manned mission of 18 months or longer
within the next few years. Continued long-duration
stays in spacc by Sovict cosmonauts (not required for
space-station operations) and planned unmanned mis-
sions 1o Mazs are our strongest indicators of continu-
ing Sovict plans for a manned Mars mission

Planning for a Manned Mars Mission

Planning for a manned mission to Mars is a complex

undertaking. Basic mission requirements includc:

« Dechnition of mission goals.

« Selection of a launch date {dictated by orbital
mechanics).

+ Sclection of the type of propulsion used.

« Dctermination of spacecraft trajectory.

+ Design of the spacecralt.

» Selection of amount and type of scientific equip-
ment carried on the spacecraft.

Changes to any of these requirements could change

the mission profie..

Assumptions Considered for a Manned Mars Mission
An article in the 1985 edition of the Encyclopedia of
Cosmonautics characterized a manned Mars mission
as lasting onc and 2 half to two yecars and using
nuclear engines and liquid hydrogen propellant, with
a specific impulse (Isp)* of 836 seconds (sec) and a
total mass on orbit of 1,000 to 1,500 metric tons. Qur

! Figurc of mcrit expressed in seconds. Increasing Isp improves thic
propulsion system’s abilits Lo srodues sdditiona! thrust for cvery
pound of propellant bumed

-
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assumptions were based in part on this article. Addi-
tional assumptions were taken from US concepts fora
manned Mars mission:

Crew of five or six.’

Mars spacecraft assembled in and departing from
low Earth orbit with space station support.
Nuclear engines using liquid hydrogen propellant (Isp
836 scc) or conventional engines using liquid oxygen
and liquid hydrogen propellants (Isp 450 sec).

Venus swing-by to reduce energy requirements.
Mission module, to remain in Mars orbit, with a
weight of 54,000 kg, plus 6,800 kg return weight for
Earth reentry module.

Mars excursion moduls to transport Mars landing
crew and equipment to and from Mars surface. The
module’s weight will be 60,000 kg, plus an addition-
al 4,500 kg for nuclear shielding.

Required velocities achieved by three propulsion
stages.

Stage structure factor for nuclear engines using
liquid hydrogen is 20 percent; conventional engines
using liquid oxygen and liquid hydrogen is 9
percent.

Elliptic capture orbit at Mars and Earth,

Mars Mission Opportunities

Opportunities for direct flights to and from Mars

occur near the Earth-Mars opposition, approximately

every 26 months. Two gencral classes of dircct round
trip mission profiles to Mars are available:

« Opposition-class mission—where Earth and Mars
arc ncar their closest approach at the time of arrival
at Mars, with a short stopover time at Mars.

» Conjunction-class mission—where Earth and Mars
are farthest apart at the time of arrival a{ Mars,
with a long stopover time at Mais,

Because of the eccentricity of Mars’ orbit, the mission
profile changes from one opposition to the next. The
mission profile variation is cyclic, and the pattern

' A crew of six was determined to be the optimum size required to
conduct & manned Mars mission. Although the crew size could be
reducced, it is unlikely that a mission would be conducted with fewer
than five members. A crew probably would consist of at lcast a
commander, a pilot, a flight ¢ngincer, and two mission specialists—
one of whom might be & physician. We belicve that at least three
crewrembers would go to and from the surface of Mars in an
excursion module while the other two 10 three crevizmbed would
remain in orbit around Mars in a mission modul

Sepec™

repeats every 15 years or every seven oppositions. The
relative positions of Earth and Mars for a short
stopover time at Mars (30 to 60 days) require exces-
sive energy for the spacecraft propulsion stages to
perform a direct round trip mission. To reduce the
cnergy requirement for an opposition-class mission,
the gravity field of Venus can be used cither en route
to Mars for an outbound swing-by or ¢n route to
Earth for an inbound swing-by. Total mission time for
an opposition-class mission will vary from approxi-
'mately S50 to 740 days. Energy requirements can be
reduced for a conjunction-class mission beczuse low-
cnergy, near-Hohmann-type (minimum energy) trans-
fers can be used on the outbound and inbound trip by
extending the staytime at Mars appropriately (340 to
550 days). Total mission time for a conjunction-class
mission will vary from approximately 950 to 1,000
day:

There are a wide range of mission options available;
for the purposes of this paper, we will assume a Soviet
manncd Mars mission with a 60-day staytime on the
surface of Mars and will use an opposition-class
mission profilc with a Venus swing-by to reduce total
energy requirements (sce figure 1). Data considering
conventional and nuclear propulsion, including the
cffects of aerobraking at Mars and Earth, are present-
ed. The total on-orbit mass of the Mars spacecraft
and the number of launch vehicles required to place
the necessary component< far it in low Earth orbit are
determined for cach case.

Mars Spacecraft b fuss—An Estimate

There are major ractors for determining spacceraft

mass on orbit. These include the propulsion system,

spacecraft design, launch opportunity, and crew size.
Ve calculated the total mass required on orbit for the

Soviet Mars spacecraft assuming three propulsion

stages were used to conduct the mission from low

Earth orbit.! The propulsion options we examined

wcere:

« Conventional engincs using liquid oxygen and liquid
hydrogen in all three stages.

- ‘1
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Figure 1

Typical Mission Profiles For a 60-Day Stopover at Mars

& Mars & Venus L4 Bnh

Inbound Venus Swing-By

* Nuclear engines using liquid hydrogen in all three
stages.

= Nuclear engines using liquid hydrogen in the first
and second stages, and conventional engines using
}iq,vid oxygen and liquid hydrogen in the third stage.

For cach option, calculatiops were made for:

* All-propulsive maneuvers for all phases, including
Mars entry and Earth reentry. )

* Acrobrake at Earth reentry, with remaining mansu-
vers propulsive,

* Acrobrake at Mars énlry. with remaining mancu-
vers propulsive, ‘

* Acrobrake at Mars entry and Earth reentry, with
remaining manecuvers propulsive.

We selected two launth opportunities—the years
200! and 2007—for an opposition-class mission foc
our calculations. The dates represent the approximate
minimum- and maximum-encrgy requircments for
selected future opposition-class, Vanug <using-by
launch opportunities (see appendix/.

Mass for the different options for all-propulsive ma-
neuvers ranges from approximately 745,000 kg to
2,745,000 kg. Acrobraking at Mars could reducs the
mass requirement by 15 to 55 percent, depending on
the propulsion option and launch date chosen. In fact,
acrobraking at Mars would have a2 major impact on
the number of launch vehicles required to place Mars

o
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(By launch year)

Total Mass on Orbit and Number of Launch Vehicles Required

T -éo-v;:;;r;ionnl Engines with .Nuclelr‘Enginu.w_i(l's-Ijquid ':l;dnr -Englna wilh Uquid Hy-

Liquid Oxygen and Liquid Hydrogen drogen (Third-Stage Coanrentional
Hydrogen : Engines with Liquid Oxygen and
Liquid Hydrogen)
Mass Launch Mass Launch Mass Launch Vehicles
_{kilogroms) _ Vehicles = (kilograms) _ Vehicles tkilograms) —
AlbPropasive T T - el
200 Um0 v T T e T e i s, T
w00 T TTaaesns, s T 13205 % L2609t 26
Aerobrake Earth =~ e . —_
wi L £ X 5364 14
2007 n 1186308 25 1.186.308 25 B
Aerobrake Mars | e et e .
2001 e 36467613 _. 614256 13 638,789 13
507 7 I268.705_ [7 807_,1}(_ L »l6_‘ . . _76_2.44.3 . (B
Acrobrake Mary and Barth e o .
2001 ] 924,104 12 617.28) 12 61128 12
2007 . 1,214,683 16 737013 . 15 737,073 15

Note: The number of launch vehicles required to place components
in low Earth orbit was calculated by assuming that the HLLV hasa
100,000-kilogram payload ily. A ing a propeliant tank 7
meters in diameter and 20 meters tall, the volume would be
sufficient 1o carry only 50,000 kgs of liquid hydrogen (because of its
density). The same size tank would easily carry the full 100,000
kilograms of liquid oxygen. The mixture ratio {massi for tiquid
oxygen and liquid hydrogen propellants is normally 6:1, and that
ratio was used to determine launch vehicle requirements.

spacecraft components in low Earth orbit, especially
during launch opportunities with higher energy re-
quircments (sce table). The number of launch vehicles

required for all-propulsive maneuvers ranges from 15.
1o 35. Aerobraking at Mars, however, reduces launch

vehicle requirements to 2 low of {3.and 2 high of 17

for any propulsion option chosen at any launch oppor-
tunity. This significant reduction would make proven
conventional engines with liquid oxygen and liquid
hydrogen an attractive option, climinating the nced
for nuclear engines apd refucing the radiation shicld-
ing for crew protectic h.

Calculations for crews of six and three were per-
formed and analyzed to dctermine the impact on total
spacecraft mass. Depending on the launch opportunity

ret

and propulsion system selected, a reduction in crew
size from six to three would produce a savings of 5 to
20 percent of the total spacecraft mass required in low
Earth orbit. This would result in a savings of one to
seven launch vehicles. By selecting only favorable
launch opporiunilies, the savings in launch vehicies
becomes one to threc. These resultant savings were
considered minimal when compared to the advantages
afTorded by the larger crew and are not further
discusscd in this paper,

r »
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several months would be required to orbit all the
nccessary components for a Mars spacecraft, assum-
ing a 30-day turnaround time for each launchpad.

Manned Mars Mission Requirements

A Soviet manned Mars mission will involve the
development of key technologices. These technologies
are of two types—those that will be required for the
Soviets to conduct a manned- mission and those that
_will thancc the Soviet ability to conduct the mission.

Key Technologies Required for a Manned Mars
Mission )

The required key technologies are:

* Heavy-lift launch vehicle (HLLV).

* Space station on orbit.

+ Space cryogenics.

« On-orbit shelf life of spacecraft components.
« Life sciences and support.

« Orbital mancuvering vehicle (OMV

Heary-Lift Launch Vekicle. An HLLYV will be re-
quircd to place propellants and spacecraft components
in low Earth orbit. The Soviets successfully launched
an Encrgiya HLLYV in May 1987 and November
1988. The vehicle is capable of placing a 100,000-
kilogram payload in low Earth orbit and should be
fully operational by the mid-1990s.

s

Space Station on Qrbit. To support assembly of the
Mars spacecraft, a space station on orbit will be
required. The Mir modular space station now is on
orbit and could support the construction of a Mars
spacecrafl. The Soviets already have announced
Mir-2, a larger modular space station, which we
svncer 10 be launched in the 1994 to 1996 time frame.

Space Cryogenics. Advanced refrigeration and insula-
tion techniques will be required to girevent excess loss
of cryogenic propcllants caused by boilofl. Handling
“and storage of these propellants also is a major

problcm beczuse no in- ﬂlght refucling capability is
envisioned during the mission. The Soviets have some
experience with liquid oxygen and liquid hydrogen in
their HLLV. These propellants, however, will have to
be stored for up to two or three years for a manned
Mars missios

On-Orbit Shelf Life of Spacecraft Compouents. The
Sovicts have more than five years of experience with
the Salyut 6 and 7 space stations. Salyut 7 remains on
orbit, providing additional lifetime data, end addition-
al experience will be gained with the Mir spacc '
station. The Soviets have demonstrated increascd
lifctime with their manned spacecralt by having crews
on board to repair and replace component

Life Sciences and Support. Long-duration flights
aboard Saviet space stations are providing much of
the dala necessary to make continual improvements in
the life seicnce areas. The harmful effects of weight-
lessness continue to be a major concern. Sovict eosmo-
nauts have performed continuous spaceflight in excess
of 2 year. We belicve that the Soviats will increase the
duration of space station mannings in increments t0 a
period of two years. One or more two-year missions
may be needed to fully understand: the medical re-
quirecments for 2 manned Mars mission. According to
Sovict open sources, readaptation to a gravity field
normally takes place within scveral days, but, in some
cases, several weeks may be required. However, the
ability of a cosmonaut to perform tasks unaided bya
ground crew immediately- after long exposure to
weightlessness is questionable. Control of bone-calci-
um loss on long-duration missions also is not well
understood by US or Sovict rescarchers and is a major
issuc requiring further stud-

Orbital Mazeuracing Yekicle, Aa OMY, aiso known
as a space tug, will be required to move large
components cf the Mars spacecraft into place for -
assembly (ollowing delivery to the space station orbit.
The Sovicts have used a propulsion module to accom-
plish approach and docking of the Kvant space station
module with Mir. & cimitar vahicle may be intended
for usc as an OMV .




Key Technologies That Will Enhance \"’ . "")
a Manned Mars Mission
Key technologies that will enhance Soviet cfforts to

conduct a2 manned Mars mission are:
« Acrobraking.
« Nuclear propulsion.

« Closed ecological system.

« Artificial gravity L, -y
- At a US conference held carlier this year on space

Aerobraking. Acrobraking involves using a planct’s nuclear powcer systems, a Sovict scientist presented a

atmosphere to dissipatc an cntry vchicle's energy and  + paper discussing nuclear electric propulsion (NEP) as
reduce its speed. Aerobraking can be used to change  one of several options being investigated by the

orbit or to descend to a planct’s surface instead of Soviets for use on a Mars mission for clectrical power

using propulsive mancuvers. An entry vehicle is en- and propulsion. NEP would provide a higher Isp, but
closed within a heatshield (that could be shaped like with lower thrust levels. NEP engines would probably
the US Apollo or Soviet Soyuz entry modules) that - be designed to burn continuously, and the compara-
provides a relatively low lift-to-drag ratio. The entry tive round trip transit times for a Mars mission would
vehicle's energy then would be dissipated through increase significantly, making NEP engine use less
ablation of the heatshiel desirable for early manned missions

Acrobraking into Mars orbit would reduce the mass Closed Ecological System. A closed ecological system
of propellanys required in lqw Earth orbit by as much  could provide life-support consumables (oxygen, food,
as 55 percent (sce figure 2)£' and water), thereby eliminating some of the mass of
. expendable consumables. A closed system will have
_QThc Soviets have stated that they intend to use  minimal impact on the total number of launch vehi-
acroblaking on their unmanned missions, and they do  cles required to support a mission, however, because

have some experience with aerobraking on earlier the mass of expendable consumables constitutes only
Mars missions. The Mars 2, Mars 3, and Mars 6 - a small fraction of the total mass required. Soviet
lander missions used an acroshell brakine device, scientists at the Institute of Biophysics are working on
although it did not generate any hifT. _ closed ecological systems and have stated that theee

systems will be used on future space station
Nuclear Propulsion. Nuclear engines using liquid -
hydrogen propellant could provide almost twice the Artificial Gravity. The long-duration effects of
Isp of conventional engines using a liquid oxygen and  weightlessness are not fully understood, and counter-

iiquid bydrogen mixture. The increased Isp would measures arc continually being implemented to re-
reduce the amount of propellant and the total mass duce the period of readaptation to gravity. The gravi-
required on orbit. A nuclear cnginc also could provide  ty of Mars is about onc-third that of Earth's, and
electricat nower for the Mars spacecraft during the scicntists generally belicve that humans would be
missior unable to adapt rapidly to its gravitational field

following long periods of weightlessness en route. The
The Soviets may be testing advanced reactors to be Soviets are investigating the possible use of artificial
used as nawer and propulsion plasss fer fulvrespase  gravity. There arc differences of opinion in the Sovict
missione 7 Union, just as there are in the United States, on the
benchits and engincering trade-offs required to incor-
porate an artificial gravity ficld on the Mars space-
crafr

L -




Figure 2
Range of Total Mass Required in Low Earth Orbit*

Masx in low Earth oebit in niillion kilograms

All propulsive With scrobrake
mancuvers at Earth

H =

Maximum mass
Minimum mass

With acrobrake at
Earth and Mars

With acrobrake
at Mars

30

20

15

05

. —"_\ 3 . X . =t
' Coaventional engines with fiquid Nuclcar cagines with liquid hydrogen.  Nudear engines ficst and sccond
oxygen and liquid hydrogen.: stage with liquid hydrogen.
“Coaventional engincs third stage
ith liquid ad liquid
* Bascd on eQaLgy requirements. : :‘ydm‘gqcunl pen A

Sovict Investment

The most cconomical launch opportunities for a
manncd Mars mission most likely will cost from 40 to
SO billion US dotlars. These figures assume the
supporting infrastructure is alrcady in place. The
Sovicts will have made a major resource investment
before committing themselves to a launch, including:
« A fully operational, permancatly manned space
station. ’

« Full development costs for their HLLY.

« Development of medules that could be used for a
Mars spacecrafT .

Because of budgctary constraints and inércasing de-
bates on allocation of future resources for the Soviet
space systcms, it is 100 carly to know if the Soviets will

;,((




go ahcad with a2 manncd Mars landing mission. We
project, however, that the overall manned space effort
will remain robust, at least for the next five years as
the Soviets 2dd new modules to the Mir space station
and as the shuttle orbiter becomes operational. In the
middle-to-late 1990s, the cost of manned space activi-
ties could increase if the Sovicts proceed with plans
for a follow-on space station,

Sovict space scientists and officials have been trying
10 deflect Soviet criticism of the enormous expensc of
space activities by stressing the economic benefits to
the national cconomy. For example, the Soviets claim
that an upcoming Mir module will produce profits
that will pay for the project many times over. Other
claimed benefits from the space station include in-
creased agricultural production, enhanced reforesta-
tion programs, and increased harvest by fishing flects.

Cooperation With the United States on a
Mars Mission.,

The Sovicts may seek to cooperate with the United
States, which is considering a manncd Mars mission,
to defray some of the expense of such a mission.
Soviet scientists now are pursuing such a cooperative
effort; if the United States decides not to participate
because of technology transfer considerations or for
other reasons, the Sovicts are likely to implement a
manned Mars mission on their own. They would
probably attempt to gain greater cooperation and
financial support from France and perhaps other
nations that have flown or participsted in cooperative
cfforts on Soviet space statior

ret

Future Indicators for a Soviet Mission

Future developments that would indicate continued
progress toward realizing the mission include:
¢ Development and use of aerobrake techniques.
« Advanced refrigeration and insulation on upcoming
unmanned space missions. :
¢ Assembly of a Mars spacccraft prototype in low
Earth orbit.
» A flight 10 Mars of an unmanned prototype.
* The possible flight testing of a nuclear engine
+
A manned Mars mission most likely could not take
place before the ycar 2000 because of the time
required to develop acrobrake techniques, nuclear
engines, advanced on-orbit refrigeration, improved v
insulation techniques, a fully operational HLLY, and
possibly a closed-cycle, life-support system. If the
Soviets are successful in developing aerobraking tech-
niques, the most likely option would be to use proven
conventional engines with liquid oxygen and liquid
hydrogen propeliants. Without aerobraking, nuclear
engines probably would be used in the mission to
reduce the number of taunch vehicles required. With-
out aerobraking or nuclear engines, and a cr sogenic
on-orbit storage capability, we believe it is unlikely
that a full-scale manned Mars landing mission could
be accomplished. Using storable propellants, which
have lower Isps, would require a prohibitive mass on

- orbit. Such use probably would make a manned

mission nearly impossible, especially during launch
opportunitiec necessitating higher energy require-
merts, .
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